Introduction
Isoprenoid quinones are prevalent constituents of bacterial and archaeal membranes that typically serve as redox mediators connecting oxidoreductases in respiratory electron transport chains (Nowicka and Kruk, 2010; Dairi, 2012) . Moreover, the determination of quinone profiles, for example, by high-performance liquid chromatography coupled to mass spectrometry is a powerful biomarker in the characterization of microbial species. Depending on the organism, the length of the hydrophobic isoprenoid side chain as well as the degree and localization of side chain saturation positions differ in ubiquinone (UQ) and menaquinone (MK) molecules. Furthermore, several methylated or demethylated forms of MK have been identified. Examples comprise methylmenaquinone (MMK, also known as thermoplasmaquinone; Fig. 1A ), dimethylmenaquinone (DMMK) and 2-demethylmenaquinone (DMK; present in Escherichia coli as DMK 8 ; note that the number specifies the amount of prenyl units in the isoprenoid side chain). MMK has been described to be present in a diverse range of microorganisms such as members of the bacterial phyla Actinobacteria and Proteobacteria as well as the archaeal phyla Crenarchaeota and Euryarchaeota (see Table 1 for a compilation). In evolutionary terms, MK and its derivatives are regarded primordial compared to ubiquinones since their standard redox potentials at pH 7 (E 0 0 ) are more negative (Schoepp-Cothenet et al., 2013) . The addition of methyl groups to MK has been shown to shift the redox potential to more negative values (Schmid et al., 1999; Nasiri et al., 2009) , which is used by microorganisms to adjust the composition of the quinone/quinol pool to their mode of energy conversion. For example, methylated MK derivatives are particularly good redox mediators in electron transport chains that use low-potential electron acceptors such as polysulfide or sulfite (Dietrich and Klimmek, 2002; Kern et al., 2011; Simon and Kroneck, 2013; Sousa et al., 2013; Hermann et al., 2015) . One of the best characterized MMK-producing bacteria is the Epsilonproteobacterium Wolinella succinogenes that is well-known for its versatility in energy metabolism using microaerobic respiration as well as various modes of anaerobic respiration to generate ATP by electron transport phosphorylation Klimmek et al., 2004; Simon et al., 2008; Kern and Simon, 2009; Simon and Klotz, 2013) . W. succinogenes cells have been reported to produce MMK 6 during growth by fumarate and polysulfide respiration in addition to MK 6 , which is involved in fumarate, nitrate and nitrite respiration Klimmek et al., 2004; Kern and Simon, 2009 ). The electron transport chain of polysulfide respiration using formate or hydrogen gas as electron donor has been shown to depend on MMK 6 , which is thought to interact with the membrane anchor PsrC of the polysulfide reductase complex (PsrABC) (Dietrich and Klimmek, 2002; Klimmek et al., 2004) . Moreover, MMK 6 has been described to serve as redox partner for a dedicated type of a membrane-bound fumarate reductase complex, named Mfr (Juhnke et al., 2009) .
Two different microbial menaquinone biosynthesis pathways have been described (Dairi, 2012) . The "classical" Men pathway is present, for example, in Gammaproteobacteria such as E. coli and Shewanella species and has been known for decades whereas the so-called futalosine (or Mqn) pathway was described first in 2008 using the model organism Streptomyces coelicolor A3(2) (Hiratsuka et al., 2008) . To date, it appears that the futalosine pathway is phylogenetically more widespread. For example, it is present in Grampositive bacteria (phyla Firmicutes and Actinobacteria), in Delta-and Epsilonproteobacteria and in several Archaea (Zhi et al., 2014) . Furthermore, it emerged that microbes living in anoxic habitats preferentially contain the futalosine pathway and concomitantly lack the ability to synthesize ubiquinone (Zhi et al., 2014) .
Radical S-adenosylmethionine (rSAM) enzymes represent one of the most intriguing and ever-expanding protein families and include many methylating enzymes that use radical chemistry (see Buckel and Thauer, 2011; Zhang et al., 2012; Mehta et al., 2015 for recent reviews). Currently, rSAM methyltransferases (RSMTs) are grouped in different classes (A-D) according to their primary structures and cofactor content (Bauerle et al., 2015) . SAM serves as the methyl donor in classes A-C, thus producing a methylated amino acid residue or methylcobalamin as a reaction intermediate as well as the product S-adenosylhomocysteine (SAH). However, RSMTs typically use another SAM molecule in the catalytic cycle to form a 5 0 -deoxyadenosine radical (5 0 -dA • ) and methionine. 5 0 -dA • subsequently abstracts a hydrogen from the methyl carrier, thereby forming a methylene radical and 5 0 -deoxyadenosine. The active site of such RSMTs also harbors a [4Fe-4S] cluster, which is ligated by three conserved cysteine residues arranged in a CxxxCxxC motif. In class A RSMTs a conserved cysteine residue acts as methyl carrier whereas this task is fulfilled by cobalamin in class B enzymes. To the best of our knowledge, methyl carriers in classes C and D RSMTs have not been reported. Class C RSMTs are related to HemN, which is a membrane-associated coproporphyrinogen III dehydrogenase (CPDH) that catalyses the oxygen-independent decarboxylation of two propionate side chains in haem biosynthesis, thereby generating two vinyl groups at the rings A and B of protoporphyrinogen IX (Layer et al., 2003 (Layer et al., , 2004 Rand et al., 2010) . The reaction depends on electron transfer, which is thought to be accomplished by the interaction of CPDH with reduced flavodoxin and/or ferredoxin. Moss et al. (1984) Microbial methylmenaquinone synthesis 451
two SAM molecules at distinct sites and only one of them coordinates the [4Fe-4S] cluster. A model of the E. coli HemN crystal structure was reported in 2003 and provided the first structural information of an rSAM enzyme (Layer et al., 2003) . Based on this structure, it is justified to assume that other class C RSMTs also bind two SAM molecules at different sites. Class C RSMTs have been reported to be involved in the synthesis of complex secondary metabolites such as nosiheptide and thiomuracin (Zhang et al., 2012; Mehta et al., 2015) .
Here we show that the conversion of MK to 8-MMK depends on an enzyme of the class C RSMT family that is closely related to HemN. The MMK-generating enzymes from three different organisms were investigated that either use the futalosine pathway (W. succinogenes) or the Men pathway (Adlercreutzia equolifaciens and Shewanella oneidensis) for MK biosynthesis. The MK methyltransferases from A. equolifaciens and S. oneidensis were shown to be functional in MMK synthesis in both W. succinogenes and E. coli. Hence, the work presents the enzymatic basis of menaquinone methylation and, intriguingly, unravels the novel function of a class C RSMT homolog in methylating an essential component of the primary cell metabolism.
Results
W. succinogenes cells produce MK 6 and 8-MMK 6 using the futalosine pathway Quinones were extracted from the membranes of fumarate-grown W. succinogenes cells and subjected to high performance liquid chromatography (HPLC) coupled to spectroscopic detection. This procedure clearly separated MK 6 and MMK 6 (see Fig. 2A for a representative chromatogram). The corresponding UV/vis absorption spectra differed markedly with MK 6 showing absorption maxima at 246, 264 and 329 nm, whereas the distinct absorption spectrum of MMK 6 revealed a characteristic shifted maximum at 344 nm. The isolated MMK 6 species from W. succinogenes was identified as 8-MMK 6 by 1 H, 13 C-heteronuclear multiple bond correlation (HMBC) nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) (Fig. S1) . MK methylation at C-8 has been previously reported for MMK 7 from Thermoplasma acidophilum HO-62 and Shewanella putrefaciens (Table 1 ) (Itoh et al., 1985; Shimada et al., 2001) . Inspection of the W. succinogenes genome sequence indicated the presence of a complete futalosine pathway of MK biosynthesis comprising the gene products MqnA, -B, -C, -D, -E, -F, -G, -H and -J ( Table 2) . Each of the Mqn enzymes was found to be homologous to the respective counterpart from either Campylobacter jejuni or Streptomyces coelicolor A3(2).
A new member of the class C radical SAM enzyme family enables 8-MMK 6 synthesis in W. succinogenes
We identified the gene product of W. succinogenes ws0113 (hereafter named mqnK; Table 2 ) as the enzyme responsible for formation of 8-MMK 6 . The mqnK gene is located upstream of the psr locus encoding the PsrABC complex and the dedicated transcriptional regulator PsrR ( Fig. 2A ) (Krafft et al., 1995; Braatsch et al., 2002) . A W. succinogenes DmqnK::kan See the 'Experimental procedures' section for details on mutant construction, growth conditions and quinone purification; cat and kan denote chloramphenicol and kanamycin resistance gene cartridges, respectively; P mqnK and P kan refer to the corresponding promoter elements. mutant was constructed, in which mqnK was replaced by a kanamycin resistance gene cartridge by double homologous recombination ( Fig. 2B ; see the 'Experimental Procedures' section for details and Table 3 for a description of all bacterial strains and mutants used in this study). In contrast to the wild-type strain, fumarategrown cells of W. succinogenes DmqnK::kan did not produce detectable amounts of 8-MMK 6 (Fig. 2B) . The absence of 8-MMK 6 , however, did not impair the growth parameters of fumarate respiration (not shown). The genome of W. succinogenes DmqnK::kan cells was complemented in trans through double crossover between an mqnK-carrying suicide plasmid and the mutant genome (Fig. 2C) . The mqnK gene (including its native promoter) was incorporated in forward orientation between the 16S rRNA gene and an isoleucine tRNA gene into one of three virtually identical rRNA gene clusters. Cells of the corresponding mutant regained the capacity of 8-MMK 6 production and, for an unknown reason, 8-MMK 6 was overproduced in these cells (Fig. 2C) . W. succinogenes MqnK is predicted to consist of 453 amino acid residues (calculated molecular mass of 51.7 kDa) and had been annotated as homologous to the rSAM enzyme HemN. W. succinogenes MqnK and E.
coli HemN (457 residues) share 28% identical residues. Based on the model of the E. coli HemN crystal structure (Layer et al., 2003) , both enzymes contain three typical domains: an elongated N-terminal 'trip-wire domain' followed by the 'catalytic domain' and a Cterminal a-helical 'HemN domain' that is likely to play a role in substrate binding and/or membrane attachment (see Fig. S2 for an alignment).
Heterologous production of MqnK homologs in E. coli
Apart from euryarchaeal species, a homolog of W. succinogenes MqnK was found to be encoded in the genome of almost all MMK-producing microorganisms irrespective of whether the species contained the Mqn or Men pathway of MK biosynthesis ( Table 1 ). The counterpart of MqnK in organisms encoding the Men pathway is referred to as MenK here and an alignment of 34 primary structures of MqnK and MenK proteins, using E. coli HemN as outlier, is presented in Fig. S2 . Strep-tagged versions of the MenK proteins from the human gut Actinobacterium A. equolifaciens DSM 19450 (designated Aequ0025) and the free-living Gammaproteobacterium S. oneidensis MR-1 (SO4520) were produced in E. coli BW25113 after cloning the respective genes on a plasmid (see the 'Experimental Procedures' section for details). E. coli cells containing either A. equolifaciens or S. oneidensis menK produced two novel quinones in addition to UQ 8 , MK 8 and DMK 8 when cultivated under semianaerobic conditions (Fig. 3 ). These quinones were purified and characterized as MMK 8 and 8-methyl-2-demethylmenaquinone-8 (8-MDMK 8 ) by UV spectroscopy (Fig. 1B) , HMBC NMR and MS (not shown). Similar experiments were conducted using cells of E. coli JW5581 that lack the methyl transferase UbiE and hence did not produce either UQ 8 or MK 8 due to the absence of C-2 methylation. Instead, DMK 8 as well as an uncharacterized Q 8 precursor named Q 8 * was formed (Fig. 3 ). In the presence of A. equolifaciens or S. oneidensis menK, however, the cells synthesized 8-MDMK 8 in addition to DMK 8 . Taken together, the results indicate that the methylation of MK and DMK at position C-8 is the last step of MMK and MDMK synthesis, respectively. To provide direct biochemical evidence of MK methylation, a fusion protein consisting of an N-terminal maltose-binding protein (MBP) and A. equolifaciens MenK was purified from E. coli XL1-Blue and tested in an in vitro MK methylation assay using liposome-incorporated MK 6 from W. succinogenes as substrate in the presence of SAM 1 and sodium dithionite as reductant (Fig. 4) .
The successful generation of 8-MMK 6 was confirmed by HPLC and UV spectroscopy and was found to depend on each of the constituents.
Discussion
This work presents the enzymatic basis of MK methylation at an electrophilic sp 2 -hybridized carbon centre of the benzenoid ring within the naphthoquinone framework and, intriguingly, unravels the function of a member of the class C RSMT family in methylating a primary cell metabolite. Based on the similarity of MqnK/MenK enzymes and HemN a radical enzyme mechanism is assumed. If true, it is likely that the catalytic domain of MqnK/MenK enzymes binds two SAM 1 molecules and a [4Fe-4S] cluster ligated by the conserved canonical CxxxCxxC motif, which is also found in other class C RSMTs (Fig. S3) . A tentative mechanistic model of the enzyme is shown in Fig. 5 implying that MqnK/MenK enzymes catalyse rSAM-dependent MK methylation according to the following equation:
The MMK-containing organisms presented in Table 1 vary tremendously in their physiology and metabolic lifestyles. As expected, MMK was found predominantly in anaerobically grown cells with the notable exception of Natronobacterium gregoryi. Unfortunately, in most cases, the function of MMK in specific electron transport chains or its interaction with dedicated membranebound redox enzymes has not been resolved. In this work, however, a candidate MK methyltransferase was found to be encoded in the genome of each bacterial and some crenarchaeal species reported to contain MMK (Table 1) . It is conceivable that these enzymes methylate MK at position C-8, as described here and previously (Itoh et al., 1985; Shimada et al., 2001) . Consequently, the presence of another enzyme is postulated accounting for the additional methylation step in DMMK synthesis ( Table 1) . As a matter of fact, candidates homologous to MqnK have been identified in the respective genome sequences (Sascha Hein and J€ org Simon, unpublished data). It is likely that such enzymes methylate MK or MMK at position C-7, thereby ultimately generating 7,8-DMMK . Supposedly, the presented findings will facilitate genome-informed prediction of cellular quinone contents, which have long been used as a chemotaxonomic biomarker for phylogenetic classification of microorganisms. Furthermore, the reported data will impact on conclusions drawn from metagenomic or metatranscriptomic data from anaerobic environments (including the human gut) based on the assumption that the presence of an MMK (or DMMK) synthesis pathway indicates turnover of lowpotential substrates in anaerobic respiration. Finally, MqnK/MenK-type MK methyltransferases may also be employed for the in vivo production of engineered, i.e., artificial respiratory quinones in future biotechnological applications.
Experimental procedures

Growth of bacterial cells
Strains and mutants of W. succinogenes and E. coli used in this study are listed in Table 3 . W. succinogenes cells were grown in liquid media or on agar plates using defined media containing formate (100 mM) and fumarate (90 mM) as energy substrates as described previously (Kr€ oger et al., 1994) . Media were supplemented with brain-heart infusion broth (0.1%, w/v; Sigma-Aldrich, Munich, Germany) and subsequently degassed and flushed with nitrogen gas several times to reduce oxygen content. Kanamycin (25 mg l
21
) and/or chloramphenicol (12.5 mg l
) were added where appropriate. Cells of E. coli XL-1 Blue were used for plasmid construction and amplification. The cells were Fig. 3 . Analysis of quinones isolated from E. coli BW25113 or JW5581 in the absence or presence of menK from either A. equolifaciens or S. oneidensis MR-1. Representative (n 5 4) HPLC chromatograms of purified quinones from the indicated cells are shown, monitored at a wavelength of 274 nm. Q 8 * refers to an uncharacterized UQ derivative.
grown aerobically at 378C in LB-Lennox medium in the presence of kanamycin (50 mg l 21 ) for plasmid maintenance.
Construction of W. succinogenes and E. coli mutants
Standard genetic procedures were used (Sambrook et al., 1989) . Genomic DNA was isolated from W. succinogenes using the DNeasy Tissue Kit (Qiagen, Hilden, Germany). Plasmid DNA and PCR fragments were purified using the GenElute HP Plasmid Mini or PCR Clean-Up Kit (SigmaAldrich). PCR was carried out using Q5 High Fidelity DNA polymerase (New England BioLabs, Frankfurt, Germany) for cloning and sequencing procedures or Crimson Taq DNA polymerase (NEB) for mutant and plasmid screening with standard amplification protocols.
The gene deletion-insertion mutant W. succinogenes DmqnK::kan was obtained by double homologous recombination between the genome and a specifically designed plasmid, pDmqnK kan. This deletion plasmid contained a kanamycin resistance gene cartridge (kan) flanked by two PCR-generated DNA fragments whose sequences were identical with regions of the W. succinogenes genome located upstream and downstream of mqnK. Each primer carried an appropriate restriction site at its 5 0 end (underlined). The upstream fragment was created using primer pair 5 0 -GCGAATTCCCCACGCGAGCCTATTTTGGGC-3 0 and 5 0 -GCGGATCCCCCTCCCTCAAAGAATGTCATTTGG-3 0 , the downstream fragment using 5 0 -GCGGATCCAACTTCCCTAG GAGCCGCG-3 0 and 5 0 -CGCCATGGTGAAAATATCGAAGCC TACTATCC-3 0 . Restricted upstream and downstream fragments were consecutively inserted into plasmid pPR-IBA1 (IBA Lifesciences) and finally the kan gene (originally from pUC4K) was placed in-between. PCR analysis of the completed plasmid was performed to ensure that the resistance gene had the same orientation as the gene to be deleted and sequence identity of the homologous regions was confirmed by sequencing. Transformation of nitrate-grown cells of W. succinogenes with the constructed plasmid was performed by electroporation as described previously (Simon et al., 1998) . Transformants were selected in the presence of A. Production and purification of the fusion protein from E. coli cells as described in the 'Experimental procedures' section. I, insoluble cell fraction (cell debris and membrane proteins); S, soluble cell fraction; F, flow-through of dextrin sepharose affinity chromatography column; W1 and W2, wash fractions; E, eluate (25 mg protein was applied). B. HPLC chromatograms of quinones purified from liposomes that had been incubated under the indicated conditions (see the 'Experimental procedures' section for details on the enzyme assay).
kanamycin (25 mg l
21
), and the intended double homologous recombination event was verified by PCR.
Complementation of W. succinogenes DmqnK::kan cells was achieved upon the incorporation of mqnK with its native promotor region into one of the three rRNA-encoding gene clusters in the genome of W. succinogenes by double homologous recombination using pRecovrD for -WsmqnK cat (Fig. 2) . The parental vector pRecovrD cat was constructed in two cloning steps as described previously (Kern and Simon, 2016) . In brief, a portion of the rRNA gene cluster containing partial 16S rRNA and 23S rRNA genes was amplified and this PCR fragment was blunt-end ligated with a linear fragment of pBR322 resulting in pRecovrD (Recombination and complementation via ribosomal DNA regions). Subsequently, a chloramphenicol resistance gene cartridge (cat) was inserted to construct pRecovrD cat. To incorporate the W. succinogenes mqnK gene with its native promotor, a linear fragment of pRecovrD cat was amplified using the primer pair 5 0 -TTAGTTTTCAGAGATTGTCACCCGATACGC-3 0 and 5 0 -GCAAGTAGCGATTATCTTCTTGTCGGATCC-3 0 and bluntend ligated with an mqnK-containing fragment created with primers 5 0 -GGAGAGACCATTATCTTGGTGACGG-3 0 and 5 0 -CTATTCTGAGACTAGCGCCTTCAATCGC-3 0 using genomic W. succinogenes DNA as PCR template. Appropriate primers were used to confirm the forward orientation of mqnK in the rRNA gene region of the resulting plasmid pRecovrD forWsmqnK cat. Cells of W. succinogenes DmqnK::kan were transformed as described above. Transformants were selected in the presence of chloramphenicol (12.5 mg l 21 ), and the intended double homologous recombination event was verified by PCR.
Plasmids were constructed for the heterologous expression of the menK genes from either S. oneidensis or A. equolifaciens in E. coli XL-1 Blue cells. Each menK gene was amplified by PCR using appropriate primer pairs carrying BsaI restriction sites at the 5 0 end (underlined) and cloned into pASK-IBA3 (IBA Lifesciences, G€ ottingen, Germany). The primers 5 0 -ATGGTAGGTCTCAAATGTCTTCTGTTATTCAAACG CTCAACG-3 0 and 5 0 -ATGGTAGGTCTCAGCGCTCATATCG-CAGGGTTTGAGCGGT-3 0 were used to amplify S. oneidensis menK and A. equolifaciens menK was amplified using the primer pair 5 0 -GCTCCGGTCTCTAATGCTTTCAGAAC-GAATGC-3 0 and 5 0 -GCCTCTGGTCTCTGCGCTTTCCTCCG AAGCCACG-3 0 . The resulting plasmids pSo-menK-Strep and pAe-menK-Strep encode MenK derivatives containing a Cterminal Strep-tag II. Gene expression was controlled by an inducible tet promoter.
Plasmid pMBP-Ae-menK encoding an MBP-AeMenK fusion protein is a derivative of pMal-c2X (NEB). A vector fragment was obtained by PCR using the primer pair 5 0 -TGAGATAAGATTTTCAGCCTGATACAG-3 0 and 5 0 -TCCCTGGAAGTACAGGTTTTCGTGATGGTGATGGTGATG CCCGAGGTTGTTGTTATTGTTATTGTTGTTGTTGTTCGAG C-3 0 . The A. equolifaciens menK gene was amplified using 
Expression of menK genes in E. coli BW25113 or JW5581
A total of 500 ml TB medium in 2 l flasks were inoculated with 10 ml fresh overnight culture and incubated at 378C on a rotary shaker (130 rpm; semianaerobic conditions). At an OD 600 of about 4.5, menK expression was induced by adding anhydrotetracyclin (2 mg l
21
) and the agitated culture (130 rpm) was incubated at 308C for further 20 h.
Production and purification of the MBP-AeMenK fusion protein
Cells of E. coli XL-1 Blue pMBP-Ae-menK were grown aerobically in TB medium (500 ml) at 378C. At an OD 600 of about 4.5, expression was induced by adding IPTG (final concentration 0.25 mM), and the medium was supplemented with Fe(III)citrate (0.25 mM) and L-cysteine (0.5 mM). After 3 h of aerobic incubation, the culture was transferred into a serum bottle and incubated under anoxic conditions for 2 h at 308C and a further 20 h at 48C to allow iron-sulfur cluster formation. The cells were harvested by centrifugation for 10 min at 10,000 3 g and suspended in 30 ml ice-cold anoxic binding buffer (20 mM Tris/HCl, pH 7.4; 200 mM NaCl, 3 mM DTT) in the presence of 1 mg lysozyme and 1 mg DNase I. The suspension was passed two times through a French press at a pressure of 10 MPa and a flow rate of 10 ml min
21
. The resulting cell homogenate was centrifuged for 45 min at 100,0000 3 g, and the supernatant was applied under anoxic conditions to a dextrin sepharose affinity chromatography column (5 ml; GE Healthcare, Uppsala, Sweden) equilibrated with 50 ml binding buffer. After washing with 50 ml binding buffer, the MBP-AeMenK fusion protein (98 kDa) was eluted with 10 ml binding buffer containing 10 mM maltose.
Quinone extraction and analysis W. succinogenes or E. coli cells were suspended (10 g protein l
) in 50 mM Tris/HCl, pH 8.0 at 08C, and the same volume of methanol and petroleum benzene 60-70 (1:1, v/ v) was added. After incubation for 20 min at room temperature, 10% acetone (v/v) was added and the solution was shaken for 10 min at 308C. The petroleum phase was washed using an aqueous solution of methanol (95%, v/v). Subsequently, the solvent was evaporated, and the quinone fraction was dissolved in ethanol. The quinones were separated by reversed phase HPLC using a LiChrosorb RP-18 (5 mm) LiChroCART 250-10 column (Merck Millipore, Darmstadt, Germany) on a Hitachi LaChrom Elite system. Acetonitrile/isopropanol (2:1, v/v) was used as an eluent at a flow rate of 4 ml min
. UV spectra of eluted quinones were recorded using the L-2450 diode array detector of the HPLC system.
In vitro MK methylation assay
To produce MK-containing liposomes 1 mg L-a-phosphatidylcholine (Sigma-Aldrich), 20 mg L-a-phosphatidylethanolamine (Sigma-Aldrich) and 100 mg purified W. succinogenes MK 6 were dissolved in 1 ml chloroform. The solution was evaporated, dissolved in 4 ml phosphate buffer (50 mM KH 2 PO 4 ; pH 7.4) and sonicated for 2 min (Branson Sonifier model 250; pulsed operation 90%; power output 5). To assay MK 6 methylation, 400 ml of the liposome solution was incubated at 308C with 10 mM MBP-AeMenK, 5 ml SAM (32 mM; 0.32 mM final concentration) and 20 mM sodium dithionite in a total volume of 500 ml under anoxic conditions in an anaerobic chamber (Coy Laboratory Products; oxygen level below 2 ppm). After 24 h, the reaction was stopped by adding 500 ml petroleum benzene 60-70. The organic layer was evaporated, and the residue was dissolved in 150 ml methanol. A total of 100 ml of the solution was separated by reversed-phase HPLC using an OmniSpher 5 C18 150 mm 3 4.6 mm column (Agilent Technologies) on a Hitachi LaChrom Elite system. Methanol (flow rate 1 ml min 21 ) was used as an eluent.
whether a similar mechanism is also realised in other class C RSMTs including MqnK/MenK enzymes.
